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Evidence for a plant associated natural habitat of Cronobacter
spp
Abstract
Cronobacter (Enterobacter sakazakii) species are responsible for rare cases of necrotizing enterocolitis
and bacteraemia in infants as well as cases of meningitis with high case fatality rates in neonates and
immunocompromised infants. Some physiological features, such as the production of a yellow pigment,
the formation of a gum-like extracellular polysaccharide and the ability to persist in a desiccated state,
suggest an environmental niche for these organisms. To date, the natural habitat of Cronobacter spp.
remains unknown. In this report, the isolation and characterization of two Cronobacter sakazakii strains
from plant roots is described. Also, the root colonization behaviour of Cronobacter strains originating
from clinical and plant sources is assessed. The nine strains investigated showed features often found in
plant-associated and rhizosphere microorganisms, including solubilisation of mineral phosphate and
production of indole acetic acid. Siderophore production was observed for all except one strain. In
addition, the capability to endophytically colonize tomato and maize roots was demonstrated for several
strains, either by fluorescence in situ hybridization, using fluorescently labelled oligonucleotide probes,
or by using strains tagged with green fluorescent protein and confocal laser scanning microscopy. The
results provide evidence that plants may be the natural habitat of Cronobacter spp.
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Abstract 34 
 35 
Cronobacter (Enterobacter sakazakii) species are responsible for rare cases 36 
of necrotizing enterocolitis and bacteraemia in infants as well as cases of meningitis 37 
with high case fatality rates in neonates and immunocompromised infants. Some 38 
physiological features, such as the production of a yellow pigment, the formation of a 39 
gum-like extracellular polysaccharide and the ability to persist in a desiccated state, 40 
suggest an environmental niche for these organisms. To date, the natural habitat of 41 
Cronobacter spp. remains unknown. In this report, the isolation and characterization 42 
of two Cronobacter sakazakii strains from plant roots is described. Also, the root 43 
colonization behaviour of Cronobacter strains originating from clinical and plant 44 
sources is assessed. The nine strains investigated showed features often found in 45 
plant-associated and rhizosphere microorganisms, including solubilisation of mineral 46 
phosphate and production of indole acetic acid. Siderophore production was 47 
observed for all except one strain. In addition, the capability to endophytically 48 
colonize tomato and maize roots was demonstrated for several strains, either by 49 
fluorescence in situ hybridization, using fluorescently labelled oligonucleotide probes, 50 
or by using strains tagged with green fluorescent protein and confocal laser scanning 51 
microscopy. The results provide evidence that plants may be the natural habitat of 52 
Cronobacter spp. 53 
 54 
Key words 55 
 56 
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1. Introduction 58 
 59 
Enterobacter sakazakii is a food-borne pathogen that has been associated 60 
with rare but life-threatening cases of meningitis, necrotizing enterocolitis and sepsis 61 
in neonates and immunocompromised infants [24]. This organism has been shown 62 
to be phenotypically and genetically diverse [25] and an alternative classification as 63 
six distinct species and two subspecies within a novel genus, Cronobacter, has 64 
recently been proposed [18]. Members of this genus are occasional contaminants of 65 
powdered infant formula (PIF) and multiple cases of infection have occurred in 66 
neonatal intensive care units due to their presence in reconstituted infant formula 67 
[28]. Intermittent contamination of PIF may take place during the production process 68 
after pasteurization, which is possible either via the addition of contaminated heat-69 
labile ingredients (e.g. starch, proteins, lecithin) or via material originating from the 70 
production environment [19,32]. The isolation of Cronobacter organisms has been 71 
reported from a wide spectrum of environmental sources including water [12], soil 72 
[21], dust from households and food production lines [20], as well as from foods such 73 
as fruits, vegetables, herbs, cereals and grains [14, 20]. In addition, Cronobacter 74 
spp. have been isolated from lemon root stocks [15], wheat [13], rice [43] and 75 
soybean plants [22]. 76 
Some physiological traits exhibited by the organisms - the ability to produce a 77 
yellow pigment [27], the formation of a gum-like extracellular polysaccharide [26] as 78 
well as its ability to resist desiccation during long dry periods [38] – suggest, that 79 
they might be of environmental origin. However, the natural habitats of Cronobacter 80 
spp. are still unknown.  81 
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In order to investigate the hypothesis of a possible plant association for these 82 
organisms, the characterization of two Cronobacter sakazakii isolates from plant 83 
roots is reported. Also, a total of nine isolates, including six type strains from the 84 
newly proposed Cronobacter species, were evaluated for their potential to associate 85 
with plant roots. In addition, the ability of a representative clinical Cronobacter isolate 86 
to endophytically colonize tomato roots was assessed using fluorescence in situ 87 
hybridization (FISH) and confocal laser scanning microscopy (CLSM). 88 
 89 
2. Materials and Methods 90 
 91 
2.1 Cultivation of strains used in the study 92 
 93 
Cronobacter spp. type strains, the C. sakazakii ATCC BAA-894 strain as well 94 
as E. coli K12 were cultivated in BHI (Merck, Darmstadt, Germany) at 37 °C 95 
overnight. Cronobacter turicensis LMG 23827T– GFP was cultivated under the same 96 
conditions using BHI supplemented with 50 µg ml-1 kanamycin. 97 
 98 
2.2 Construction of green fluorecent protein (GFP) - expressing C. turicensis LMG 99 
23827T 100 
 101 
Construction of a C. turicensis LMG 23827T mutant containing a chromosomal 102 
kanamycin-gfp casette was performed using a transposon mutagenesis approach 103 
and employing the (suicidal) transposon delivery plasmid pJBA28 [2]. E. coli Xl1 blue 104 
stain containing pJBA28 plasmid was grown in LB supplemented with 50 µg ml-1 105 
kanamycin at 37 °C over night. Plasmid extraction was performed using the Qiagen 106 
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Midi Prep Kit following the manufacturer`s instructions. Preparation of C. turicensis 107 
LMG 23827T electro competent cells and transformation by electroporation using a 108 
Gene Pulser instrument  (Biorad, Munich, GE) was performed using standard 109 
techniques. Transformants were grown on LB agar plates supplemented with 50 µg 110 
ml-1 kanamycin at 37 °C over night. 111 
 112 
2.3 Isolation of plant associated bacterial strains and phylogenetic analysis 113 
 114 
Cronobacter sakazakii GP1999 was originally isolated from the root of 115 
Lycopersicon esculentum (tomato) plants in 1999 (Eberl L., unpublished data) using 116 
R2A-agar plates (comprising; 0.5 g l-1 yeast extract, 0.5 g l-1 proteose peptone (Difco 117 
No. 3), 0.5 g l-1 casamino acids,  0.5 g l-1 glucose, 0.5 g l-1 soluble starch, 0.3 g l-1 118 
sodium pyruvate, 0.3 g l-1 K2HPO4, 0.05 g l-1 MgSO4:7(H2O), 15 g l-1 agar). 119 
Cronobacter sakazakii strain Iti 7 was isolated from roots of Salicornia brachiata 120 
plants collected from coastal marshy swamps in the Bhavnagar district (Navabandar 121 
coast), Gujarat (N 210 45’; E 720 14’), India, using semisolid Nfb-medium according 122 
to Döbereiner [11]. The 16S-rRNA coding genes were amplified from both strains, 123 
cloned and sequenced following previously described methods [8]. Sequences were 124 
added to an existing database of well aligned small-subunit rRNA gene sequences 125 
(SILVA_95) [36] by using the fast alignment tool implemented in the ARB software 126 
package (http://www.arb-home.de) [29]. Sequences were proof read according to the 127 
chromatograms and the alignments were manually corrected as necessary. 128 
Phylogenetic analyses were performed by applying maximum likelihood, maximum 129 
parsimony, and neighbour joining algorithms using the respective tools in the ARB 130 
software package. 131 
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 132 
2.4 Experimental plant system 133 
 134 
For the plant root inoculation experiments we used seedlings of tomato 135 
(Lycopersicon esculentum) cultivar Micro-Tom (Bruno Nebelung, Everswinkel, 136 
Germany) or sweet corn (Zea mays) (IPK-Gatersleben, Germany), which were 137 
germinated from surface-sterilized seeds. Surface sterilization and germination was 138 
performed following previously described protocols [40]. 139 
 140 
2.3.1 Inoculation and incubation 141 
 142 
The following strains were chosen for the inoculation and colonization 143 
experiments: C. turicensis LMG 23827T - GFP, C. sakazakii ATCC 29544T, C. 144 
sakazakii GP1999 and C. sakazakii iti 7 (Table 1). The strains were grown overnight 145 
at 30 °C in BHI broth, harvested by centrifugation (5.000xg, 10 min), washed three 146 
times in 10 mM MgSO4 to remove media components, resuspended to a density of 147 
2x109 cells ml-1, and stored on ice (5 min) until inoculation. Inocula (500 µl per plant) 148 
of 108 bacterial cells were applied onto one week old tomato seedling roots and 149 
incubated for approximately two weeks at room temperature under normal light 150 
conditions within PhytaTray® boxes (Sigma, Steinheim, Germany). After incubation, 151 
the quartz sand was carefully removed from the roots, which were than washed with 152 
1x phosphate buffered saline (PBS) to remove adhered particles and fixed in 4 % 153 
paraformaldehyde solution for 2 h as described by Amann et al. [1] for further FISH 154 
experiments. Roots inoculated with the green fluorescent protein (GFP) tagged 155 
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strain, Cronobacter turicensis LMG 23827T- GFP, were directly prepared for further 156 
microscopic analysis (see below). 157 
 158 
2.4 Determination of mineral phosphate solubilisation activity 159 
 160 
Mineral phosphate solubilisation activity was assayed as previously described 161 
by Verma et al. [42]. Overnight cultures of the respective strains were plated onto 162 
agar medium containing inorganic phosphate (comprising; 15 g l-1 agar, 10 g l-1 163 
glucose, 5 g l-1 NaCl, 1 g l-1 NH4Cl, 1 g l-1 MgSO4:7(H2O), 0.8 g l-1 Ca3(HPO4)2, pH 164 
7.2) and incubated at 28 °C for up to 7 days, development of a clear zone around 165 
colonies on the plates was recorded as an indicator of phosphate solubilisation. 166 
Additionally, the strains were inoculated into inorganic phosphate liquid medium 167 
(comprised as above minus the agar and supplemented with 0.04 % bromocresol 168 
purple as a pH indicator) and grown for 48 h at 28 °C. A colour change from purple 169 
to yellow along with a reduction in turbidity indicated positive phosphate 170 
solubilisation. 171 
 172 
2.5 Detection of siderophores 173 
 174 
The siderophore production was determined by the chrome azurole S (CAS) 175 
assay [41]. Isolates were streaked onto CAS agar, incubated at 25 °C for 48 h and 176 
the appearance of orange/red zones surrounding the bacterial growth was indicative 177 
of siderophore production.  178 
 179 
2.6 Determination of indole acetic acid production 180 
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 181 
The production of indole acetic acid (IAA) by the organisms was determined 182 
according to the modified method of Bric et al. [5]. The strains were inoculated into 5 183 
ml M9 medium (comprising; 6 g l-1 Na2HPO4, 3 g l-1 KH2PO4, 0.5 g l-1 NaCl, 1 g l-1 184 
NH4Cl, pH 7.2) supplemented with 0.4 % glucose and 500 mg ml-1 tryptophan. The 185 
cultures were incubated at 30 °C for 24 h before centrifugation at 8.000xg for 15 min. 186 
A 2 ml aliquot of the supernatant was transferred to a fresh tube containing 100 ml, 187 
10 mM phosphoric acid (H3PO4) and 4 ml Salkowsky reagent (1 ml, 0.5 M FeCl3 in 188 
50 ml of 35 % HClO4 ). The mixture was incubated at room temperature for 25 min 189 
until a pale pink coloration of the solution was visible and the absorbance was 190 
measured at 530 nm using a spectrophotometer. The IAA concentration in the 191 
culture was determined using a calibration curve of serially diluted pure IAA as a 192 
standard. 193 
 194 
2.7 Fluorescence in situ hybridization (FISH) and confocal laser scanning 195 
microscopy (CLSM) 196 
 197 
Fluorescent in situ hybridization experiments were carried out as described 198 
previously [34]. An equimolar mixture of the probes EUB-338 I 5'-199 
GCTGCCTCCCGTAGGAGT-3' [1], II 5'-GCAGCCACCCGTAGGTGT-3' and III 5'-200 
GCTGCCACCCGTAGGTGT-3' [9], specific for the domain bacteria, and the probe 201 
GAM-42a, 5'-GCCTTCCCACATCGTTT-3', specific for members of the Gamma 202 
subclass of proteobacteria [30], together with competitor oligonucleotide BET-42a 5'-203 
GCCTTCCCACTTCGTTT-3', were used. The EUB-338 I, II, III probes were 5’ 204 
labelled with Cy5, the Gam-42a was 5’ labelled with Cy3. The competitor 205 
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oligonucleotide was used unlabeled. All fluorescent labelled probes were purchased 206 
from Thermo Electron, Division interactive (Ulm, Germany). After hybridization and 207 
stringent washing, root pieces (2-3 mm) were transferred onto 8 well adhesive Teflon 208 
coated slides (Paul Roth, Nürnberg, Germany), sealed with 0.2 % agarose solution, 209 
embedded in an anti-fading reagent Citifluor (Citifluor Ltd., London, United Kingdom) 210 
and sealed with a cover slip. Three-dimensional microscopic analyses were 211 
performed using a confocal laser scanning microscope (LSM 510 META, Axiovert 212 
100 M; Zeiss, Jena, Germany). Two helium neon lasers provided the excitation 213 
wavelengths of 543nm (Cy3) and 633nm (Cy5). The Cy5 fluorescent dye emits in the 214 
far-red spectrum but a blue colour was assigned for illustration, whereas Cy3 is 215 
shown in the colour of its fluorescence, red. The remaining third colour channel 216 
(Argon Ion laser, 488 nm singular wavelengths) was used to visualize auto 217 
fluorescence and thus the structure of plant and roots (green). 218 
219 
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3. Results and Discussion 219 
 220 
3.1 Characterization of Cronobacter strains 221 
 222 
The 16S rRNA gene sequence accession numbers and origins of the nine 223 
Cronobacter isolates used in this study are listed in Table 1. Six previously described 224 
type strains were included [18], as well as C. sakazakii ATCC BAA-894, an isolate 225 
from an outbreak in a neonatal intensive care unit (NICU) in Tennessee in 2001 [17], 226 
C. sakazakii GP1999, obtained from the rhizosphere of a tomato plant, and C. 227 
sakazakii strain Iti 7, originally isolated from roots of Salicornia brachiata. The 228 
phylogenetic affiliation of the two rhizosphere isolates was determined by using 229 
comparative sequence analysis of almost full length 16S-rRNA sequence data. C. 230 
sakazakii strain Iti 7, FJ713026, 1525 sequenced bases, shows 100 % similarity to 231 
Enterobacter sakazakii strain ES4, EU675639, E. sakazakii strain ES19, EU675651 232 
and E. sakazakii strain ES5, EU675640 and was therefore designated as C. 233 
sakazakii. C. sakazakii GP1999, EF614997, 1436 sequenced bases, exhibits 100 % 234 
similarity to E. sakazakii, EF059882 and E. sakazakii strain ES28, EU675660. A 235 
dendrogram illustrating the phylogenetic position of these isolates is given in Fig. 1. 236 
 237 
3.2 Phosphate solubilisation, production of siderophores and indole acetic acid 238 
(IAA) 239 
 240 
The ability to convert insoluble phosphates (both organic and inorganic) to a 241 
form accessible to plants is an important trait contributed by plant-associated 242 
bacteria and may be described as a plant growth-promoting factor. All of the 243 
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Cronobacter spp. strains included in the study formed a clear halo on inorganic 244 
phosphate agar and also effected a colour change in liquid media containing tri-245 
calcium and bromocresol purple from purple to yellow, along with significant 246 
reduction in turbidity, indicating phosphate solubilisation. This is in accordance with 247 
the proposed direct glucose oxidation to gluconic acid as a major mechanism for 248 
mineral phosphate solubilisation in Gram-negative bacteria [39]. For all Cronobacter 249 
spp., the pH of the liquid culture was reduced from 7.2 to 4.7 +/- 0.2 during 250 
incubation, whereas no such colour/pH change could be observed when E. coli K12 251 
was grown as a negative control under the same conditions.  252 
Siderophore producing microorganisms that efficiently solubilise iron(III) 253 
complexes in the environment and take up ferric-siderophore complexes can also 254 
compete for iron and survive and replicate within a host. Therefore, siderophore 255 
production is considered a bacterial virulence factor [6]. In addition, siderophore 256 
mediated competition for iron also reflects a way of indirect plant growth promotion 257 
via biocontrol of soil borne plant pathogens. With the exception of C. muytjensii 258 
ATCC 51329T, all of the Cronobacter spp. strains used in the study were capable of 259 
producing siderophores. Besides, E. coli K12 showed also no production of IAA. 260 
Although the CAS assay does not allow identification of the nature of the 261 
siderophores produced, the presence of a genetic cassette coding for the production 262 
of enterobactin (enterochelin) has been identified for an E. sakazakii isolate in a 263 
recent study [28]. Furthermore, Mokracka et al. [31] demonstrated the excretion of 264 
catecholate-type siderophores by chemical analysis of two E. sakazakii isolates. 265 
It has been proposed that indole acetic acid (IAA) production by root 266 
colonizing and rhizosphere microbes stimulates microbial colonization and root 267 
development as well as to promote plant development [10]. The production of IAA 268 
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was assessed during growth in minimal medium supplemented with tryptophan. All 269 
Cronobacter isolates demonstrated production of IAA to levels comparable to plant 270 
growth promoting rhizobacteria, such as Azospirillum brasilense (50-70 µg IAA / 271 
OD560). In the case of C. dublinensis CFS237T and C. muytjensii ATCC 51329T, a 272 
significant increase in the production/secretion of IAA was observed after 24 h in 273 
comparison to the other strains. This increased production of IAA in early stationary 274 
cells is also found in IAA-producing rhizobacteria [16]. All determined IAA production 275 
levels are summarized in Table 1. The production of IAA is widespread among 276 
bacteria, however studies have shown that in phytophathogenic bacteria IAA is 277 
produced from tryptophan via the intermediate indoleacetamide, whereas in 278 
beneficial bacteria IAA is synthesized predominantly via indolepyruvic acid [35]. The 279 
role of the IAA produced in Cronobacter spp. and its possible contribution to the 280 
bacteria-plant interaction needs further investigation.  281 
 282 
3.3 Determination of the root colonization behaviour of Cronobacter strains using 283 
a FISH/CLSM approach 284 
 285 
The root colonization behaviour of clinical Cronobacter isolates and 286 
Cronobacter strains originally isolated from plant roots was demonstrated by 287 
inoculation of strains in axenic model plant systems and subsequent confocal 288 
microscopy. Root colonizing bacteria were detected by either hybridization with 289 
phylogenetic fluorescently labelled oligonucleotide probes or directly by GFP tagging 290 
following UV excitation. The application of microscopic in situ techniques enabled the 291 
demonstration of both epiphytic and endophytic colonization of tomato and maize 292 
roots by Cronobacter strains. An exact determination of the position of the colonizing 293 
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cells in the tissue down to a depth of 40 µm was possible by producing three-294 
dimensional images from a z-stack of optical sections. Confocal images are 295 
presented in Figure 2. Interestingly, not all of the plant root cells seemed to be 296 
colonized in the same way. The internalized bacteria rather appeared in clusters 297 
within particular plant cells while adjacent plant cells seemed unifected (Fig. 2A, 2B. 298 
2C, 2F). This picture suggests proliferation of originally (a) single/few bacterial cell(s) 299 
after invasion of a plant cell.   300 
In a review article by Berg et al., 2005 the rhizosphere was described as a 301 
reservoir for several opportunistic human pathogens including species closely 302 
related to Cronobacter spp. such as E. cloacae [3]. It was proposed, that 303 
mechanisms involved in the interaction between plant associated bacteria and their 304 
host plants are similar to those responsible for pathogenicity in bacteria and that 305 
these mechanisms may also be involved in colonizing the human body [37,7 ]. 306 
In the present study it is shown that members of the genus Cronobacter can 307 
be readily isolated from plant roots, that clinical as well as plant isolates are capable 308 
of developing epiphytic and endophytic colonization of tomato and maize roots, and 309 
that Cronobacter spp. can produce factors potentially beneficial to plant growth. This 310 
provides evidence for plants as the original natural habitat of Cronobacter spp. Other 311 
questions such as the mode of entry to, a potential proliferation of bacteria within 312 
plant cells and/or whether the cells are transported by an (active/passive) 313 
mechanism to other parts of the plants (fruits, seeds) will be subject of further 314 
investigation.  315 
Recent studies provided evidence that plant derived supplements (e.g 316 
starches, proteins etc.) that are potentially contaminated with Cronobacter sp. and 317 
are added to powdered infant formula without additional heating step can represent 318 
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one potential route of entry for the bacterial pathogen to the production line and/or 319 
the products. Additionally, it has been proposed, that (transient) residences of 320 
opportunistic bacteria in plants may modulate the pathogenesis and/or fitness of 321 
these organisms resulting in strains that are more virulent to humans or better 322 
adapted to harmful (production) environmental conditions [4]. Thus, plants may serve 323 
as an alternative eukaryotic model to study potential virulence factors in Cronobacter 324 
spp. 325 
326 
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Table and Figure legends: 514 
 515 
Table 1: Strains used in this study, their source, respective references and 516 
determined IAA production 517 
 518 
519 
26 
 
 
Figure 1. Phylogenetic affiliation of Cronobacter the related isolates 519 
 520 
Dendogram based on comparative sequence analysis of 16S-rRNA coding gene 521 
sequences and maximum likelihood tree calculation showing the phylogenetic 522 
affiliation of Cronobacter sakazakii strain Iti 7 (FJ713026, 1525 sequenced bases) 523 
and Cronobacter sakazakii GP1999 (EF614997, 1436 sequenced bases). Bar 524 
indicates 10% sequence divergence. 525 
 526 
527 
27 
 
 
Figure 2: Colonization of tomato and maize roots by Cronobacter spp.  527 
 528 
Confocal images of Cronobacter strains colonizing roots of tomato and maize plants. 529 
Images were taken after fluorescence in situ hybridization or directly from root 530 
samples if inoculated with GFP tagged strains. FISH experiments were performed 531 
with EUB-338-mix-Cy5 (blue), specific for the domain bacteria (A-C), and with the 532 
probe GAM-42a-Cy3 (red) specific for the Gamma subclass of proteobacteria. The 533 
composed rgb-images result in magenta colour for the bacteria, indicating co-534 
labelling by EUB-338-mix-Cy5 and GAM-42a-Cy3. The remaining third colour 535 
channel (green, Argon Ion laser excitation at 488 nm) was used to visualize 536 
autofluorescence and thus the structure of plant and roots. A: Cronobacter sakazakii 537 
strain Iti 7 (tomato roots), B: Cronobacter sakazakii ATCC 29544T, (tomato roots), C: 538 
Cronobacter turicensis LMG 23827T, (tomato roots), D: Cronobacter sakazakii 539 
GP1999, (tomato roots), E: Cronobacter turicensis LMG 23827T- GFP, (maize roots), 540 
F: Cronobacter turicensis LMG 23827T- GFP, (tomato roots). 541 
 542 
 543 
 544 
